The ability of ultraviolet resonance Raman spectroscopy (UVRRS) to determine structural, environmental and analytical information concerning low-concentration aqueous biomolecules make it a powerful bioanalytical and biophysical technique. Unfortunately, its utility has been limited by experimental requirements which preclude in situ or in vivo studies in most cases. We have developed the first high performance fiber-optic probes suitable for long-term use in pulsed ultraviolet resonance Raman spectroscopy (UVRRS) applications in the deep-UV (DUV, 205-250 nm). The probes incorporate recently developed improved ultraviolet (IUV) fibers that do not exhibit the rapid solarization and throughput decay that had previously hampered the use of optical fibers for delivering pulsed, deep-ultraviolet light. A novel 90° mirrored collection geometry is used to overcome the inner filtering effects which plague flush probe geometries. The IUV fibers are characterized with respect to their efficacy at transmitting pulsed, DUV laser light, and prototype probes are used to obtain pulsed UVRRS data of aromatic amino acids, proteins, and hormones, at low concentrations, with 205-240 nm pulsed excitation. Efficient probe geometries and fabrication methods are presented. The performance of the probes for examining resonanceenhanced Raman signals from absorbing chromophores is investigated and the optimal excitation wavelength is shown to be significantly red-shifted from the resonance Raman enhancement profile (RREP) maximum. Generally applicable procedures for determining optimal experimental conditions are introduced.
Introduction and Background
A. General.
During the past decade or so, Raman spectroscopy (RS) has undergone something of a revolution due to the advent of improved lasers and detectors, as well as the coming-of-age of specialized Raman techniques such as ultraviolet resonance RS (UVRRS) 1, 2 . UVRRS has shown great promise as a biophysical and bioanalytical method for investigating proteins [3] [4] [5] , polynucleotides (such as DNA and RNA) [6] [7] [8] , free amino acids [9] [10] [11] , as well as certain neurotransmitters and hormones 12 . UVRRS is unique among bioanalytical techniques in its ability to probe selectively, in aqueous solution, the protein amide backbone, aromatic amino acids, and nitrogenous nucleotide bases at low concentrations and with great sensitivity to both secondary and tertiary structure of proteins and DNA. UVRRS has been used for rapid, accurate determination of protein structure 13, 14 , cancer diagnosis 15 , investigating viral capsids 16 , anticancer drug studies 17 , metalloprotein research 3, 18 , and a host of other areas. The capabilities of UVRRS, in principle, are indisputable; however, its transition from a highly specialized technique available to relatively few researchers to a method of routine instrumental analysis is ultimately limited by the versatility and complexity of the instrumentation. One such limit is imposed by the use of rapidly spinning quartz cells, liquid jets, flowing films, or other similar arrangements for sample introduction, as is generally required by the combination of highly absorbing samples and pulsed UV excitation associated with UVRRS. This paper addresses these issues by presenting the design of a high performance UVRRS fiber-optic probe that enables practical implementation of UVRRS experiments in small, arbitrarily positioned volumes with low concentration analytes.
B. Optical Fibers for Raman Spectroscopy.
Potential users of RS often require that spectroscopy be performed in situ. In many cases, this precludes the use of a regular excitation/collection geometry comprising a sample cell, focusing and collection optics. This is especially true if (a) the analyte or matrix is strongly absorbing, resulting in severe inner-filter effects; (b) by necessity the desired sample volume is contained in a nontransparent enclosure such as a bioreactor, process stream, organism, measuring instrument, etc.;
or (c) the sample is in a radioactive, high temperature, toxic, or otherwise experimentally harsh environment. A very successful method of overcoming many of these experimental obstacles for visible, non-resonance RS has been fiber-optic excitation and collection; however this approach has not previously been successfully applied to ultraviolet resonance RS in the deep-UV (DUV) spectral region.
Fiber-optic RS probes for visible RS were introduced over a decade ago 19, 20 . The performance of fiber-optic Raman and fluorescence probes has been simulated and analyzed with respect to probe geometry [21] [22] [23] [24] , optical properties of the sample 21, 23, 24 , and excitation wavelength 25 .
Several researchers have investigated design variations such as the incorporation of microlenses 26, 27 and filters 28 . Recently, Cooney et al. published the results of a particularly thorough investigation of flush and beveled probe geometries for visible RS in non-absorbing samples 29, 30 . The use of fiber-optic probes for cw non-resonance visible and IR Raman studies has progressed to the extent that they are now standard attachments on many commercially available instruments. Unfortunately, fiber-optic probe designs reported to date are generally unsuitable for UVRRS because of the twin problems of inner filtering and UV-induced damage to the excitation fiber. In fact, in addition to the notable lack of compact, inexpensive light sources and spectrometers for UVRRS, one of the main barriers to commercialization of UVRRS technology has been the lack of a convenient sample exposure method.
C. Fiber-Optic UVRRS Probes.
Low-intensity UV transmission by UV-grade (high OH -content) fused silica fibers with fluorinedoped cladding is limited by the Rayleigh scattering of the pure silica core. This increases as 1/λ 4 ,
and dictates that such fibers can efficiently ( < 1.0 dB/m attenuation, discounting Fresnel and mode-mismatch losses at the fiber end-faces) transmit very low intensity light at wavelengths as short as 200 nm. However, the use of optical fibers for the transmission of high intensity (e.g. pulsed or high power cw laser) UV light has long been plagued by a severe solarization (or photosensitization) associated with the formation of E' and NBOH color centers in the UVirradiated silica [31] [32] [33] [34] . The result of this is a rapid, irreversible throughput decay, primarily due to broad color center absorption peaks centered around 215 and 260 nm for E' and NBOH centers, respectively. The problem is compounded by effects such as two-photon absorption, stimulated
Raman scattering, and stimulated Brilloun scattering, resulting in a rapid increase in the non-linear absorption coefficient with decreasing wavelength in the UV spectral region. Klein et al. 35 have described the transmission of high intensity UV light through silica fibers with the following equation:
where α is the low intensity linear attenuation coefficient and β is the non-linear attenuation coefficient. The UV induced linear attenuation, ∆α uv , is a strong function of wavelength, pulse energy, fiber composition, and cumulative exposure, and generally limits the stable DUV transmission of standard UV-grade fused silica fibers to average powers that are insufficient to perform UVRRS. This term is primarily due to the reversible and irreversible formation of lightabsorbing defect centers (color centers) in the silica. These effects have been characterized in several types of high and low OH fused silica fibers for excimer and frequency-quadrupled Nd:YAG UV laser lines [34] [35] [36] [37] ; however the mechanisms involved are poorly understood, and only recently have adequate explanations been proposed 35, [38] [39] [40] .
Recently, the development and characterization of improved ultraviolet (IUV) optical fibers for pulsed UV applications has been reported 31, 35, 41, 42 . We have obtained samples of these fibers from Polymicro Technologies Inc. (Phoenix, AZ) and characterized their performance in the wavelength range most important for UVRRS of biomolecules (i.e. from 205 to 240 nm).
Moreover, we have incorporated these fibers in the design of the first long-term-stable, highperformance UVRRS fiber-optic probes reported to date. In a previous paper 21 , we first discussed and modelled the use of RS probes in highly absorbing samples, such as those associated with RRS and UVRRS, and the problems associated with inner-filtering (sample self-absorbance) effects when using standard (flush) fiber-optic RS probes. Although high quality UVRRS data of DNA at 266 nm were obtained, the ultimate SNR and probe lifetime were severely limited when used at wavelengths shorter than 250 nm because of limitations in excitation efficiency stemming from the fiber composition, and limitations in collection efficiency stemming from the probe geometry. In this paper we describe a novel geometry, composition and fabrication method for a superior UVRRS fiber-optic probe that overcomes all of these limitations and permits routine, high performance, in situ fiber-optic UVRRS with sensitivities comparable to those obtained using standard UVRRS sample introduction techniques.
Experimental
A. Optical Fiber Characterization. to measure the fiber input and transmitted energies. Fiber segments (400 or 600 µm diameter) with lengths from 7 cm to 106 cm were cut, cleaved or polished, and characterized with respect to their efficacy at transmitting pulsed UV light using wavelengths from 205.5 nm -240 nm, pulse energies up to 150 ÊJ, at a repetition rate of 20 Hz. After alignment at low pulse energies, the fibers were exposed and the average energy out of the fiber was recorded as a function of time for a set number of pulses. After a predetermined non-exposure period, the fiber was periodically reexposed to a small number (usually 3) pulses, in order to characterize any recovery. The average input energy was recorded immediately before and after each set of exposures to ensure that it remained stable.
B. Probe Design and Fabrication.
The new probes were fabricated using an IUV fiber for excitation and a SUV fiber for collection (see Figure 1 ). Several centimeters of jacketing material was removed from either end of both fibers, and they were cleaved and/or polished until no scratches were observable under 40x magnification. The excitation fiber was used either as prepared or with a polished micro-lens (radius of curvature ca. 1 fiber diameter). The preparation of the collection fiber involved first coating the tip with positive photoresist (S1813) and baking it at 95° for 20 minutes. The fiber tip and photoresist were then selectively polished away to leave an exposed 45° face. Polishing was accomplished using successively finer grits of emery paper (400, 600, 1200, 4000 grit), followed by successively finer grits of lapping film (5, 3, 1 and 0.3 µm). The fiber tips were rinsed with distilled water between polishing stages. They were then cleaned by immersion in a 10% (v/v) solution of ammonium hydroxide for 20 s, and blown dry with dry nitrogen. Immediately thereafter, an aluminum reflecting surface (ca. 200 -300 nm thickness) was deposited on the exposed surface using a CHA Industries Autotech II high vacuum evaporator operating at 2 x 10 -6
Torr. The mirror thickness was monitored using an Inficon 321 Film Thickness Monitor. After deposition, the remaining photoresist and unwanted aluminum on top of the photoresist were removed with warm acetone, leaving an aluminum mirror only on the polished, 45° surface of the distal (sample) end of the collection fiber. The collection and excitation fibers were aligned, fastened with thin (0.3 mm i.d.) silicone rubber collars (Baxter medical grade silicone tubing, McGraw Pk., IL), and attached using a silicone rubber adhesive (Dow Corning Silastic medical adhesive). During attachment, proper alignment of the collection fiber with respect to the excitation fiber was determined using a 40x dissection microscope. The tips were rinsed with distilled, deionized water before and after every use. The tips were periodically cleaned with a mild detergent to help prevent long-term fouling. Both ends all fibers were periodically inspected for damage.
C. UVRRS Data.
The pulsed UV light source, monochromator and detector system have been described elsewhere 21 .
The only modification to the system was the use of Coumarin 440, 460, and 480; Exalite 428; and
Stilbene 420 laser dyes in order to cover the wavelength range from 205.5 nm to 240 nm.
Results and Discussion
A. UV Throughput Comparisons.
SUV fiber samples were prepared and tested for throughput at wavelengths from 205.5 to 240 nm.
The general morphology of the normalized fiber decay curve for all SUV fiber segments is a monotonic decrease in throughput over time; although there is some variation in the absolute throughput between different segments of the same fiber type. An apparent asymptote is occasionally observed; however the throughput usually decays below the detection limit of the energy meter (2 µ J) after prolonged (> 5 minutes) exposure. There were no significant differences in the behavior of SUV fiber segments from the different suppliers.
The IUV fibers do not exhibit a monotonic decay; rather, after an initial drop during the first 50-200 pulses, the throughput stabilizes, and occasionally recovers somewhat. The fractional throughput and initial decay are dependent upon the absolute energy/pulse incident upon the fiber, wavelength, fiber diameter, fiber segment length, and beam parameters (spot size and divergence). IUV and SUV samples, and a 600 µm diameter, 56.5 cm IUV sample. This length is typical for the fiber-optic UVRRS probes that we have used for biomolecular studies. As will be seen, the results of these studies provide scope for future increases in these lengths without sacrificing performance.
The IUV samples exhibit improved UV transmission capabilities when compared with the SUV fibers. In particular, for a given input pulse energy (E in ), they display a constant average output pulse energy (E out ). At low values of E in , E out varies approximately linearly with input pulse energy. However, at higher E in levels, transmission efficiency (η e = E out /E in ) drops off due to the non-linear effects described by the β-term in eq. 1. This ultimately limits the total throughput of a probe excitation fiber. For example, using 20 Hz, 225 nm, ca. 3 ns pulses, we have found that the maximum sustainable throughput of a 56.5 cm length of 400 µm diameter fiber is around 240 µW. Figure 3 shows typical E out vs. E in curves for 56.5 cm lengths of 400 and 600 µm core-diameter IUV fibers. The implications of these results for spectroscopy are twofold: (1) for a given fiber diameter, a limiting practical E in exists above which no significant increase in E out is observed, but there is an increased probability of catastrophic surface damage; and (2) where not prohibited by a high sample extinction coefficient (see reference 21), the use of larger diameter excitation fibers is advised as the maximum E out scales approximately linearly with cross-sectional area, as shown in Figure 3 . 35 indicate that, with pulse-widths on the order on nanoseconds, even the IUV fibers do not transmit sufficient average power at these wavelengths to be useful in FO-UVRRS probes.
Therefore, there is a pressing need to characterize IUV fiber throughput with respect to wavelength between 205 nm and 250 nm. This is an especially interesting region of the spectrum in any case, as the primary E' color center absorption maximum, responsible for both the rapid, irreversible decay of SUV fibers and the reversible, throughput-limiting induced loss of IUV fibers, is known to be near 215 nm 31, 34, 35, 38 . Figure 4 shows the results of a series of wavelength variations for a 56.5 cm length of IUV fiber using 20 Hz, ca. 3 ns pulses with energies of 50 +/-4 µJ. This energy level was chosen for a 400 µm diameter fiber since increasing it further does not significantly increase the transmitted energy, but does begin to increase the risk of surface damage significantly. Induced attenuation from the ∆α uv term of eq. 1 can be inferred from the difference between the initial and plateau throughput values and is nearly absent at 240 nm, but increases sharply as wavelength decreases and then stabilizes in the region from 205 -220 nm, as would be expected from the position of the E' center absorption maximum. The initial throughput, which is dependent primarily on β in eq. 1, drops monotonically with wavelength. It is clear that in the DUV spectral region using 50 µJ input pulse energies, significant contributions to the overall attenuation are made by both ∆α uv and β terms. Caution is required in using these data to obtain numerical values of ∆α uv and β, however, as throughput is very sensitive to temporal and spatial beam profile. These calculations and further discussion of the optical properties of IUV fibers will be reported in a future paper.
Ultimately, the appropriate figure of merit for a fiber used as a UVRRS probe excitation fiber is the average power sustainable over long periods, as data acquisition times for UVRRS can range up to an hour. In all cases, a stable energy throughput plateau was observed for IUV fibers, the value of which decreased sharply from 240 to 220 nm, and stabilized thereafter to the lower When considered alongside the comparison of fiber throughput and fiber diameter, these results imply that, if it were available, the use of a large diameter fiber that tapers over the last 1 cm (at the output end) to the desired diameter may significantly improve overall throughput without increasing inner-filtering (self-absorption) problems and would lead to a concomitant increase in total collected signal. Moreover, since the total attenuation per unit length is significantly greater in the first few centimeters of fiber, the penalty for increasing fiber length is relatively smaller for longer lengths than for shorter lengths. A further conclusion stemming from this work is that, because of the importance of the β term effects, reductions in intensity from, for example, increased laser duty cycles or larger diameter fibers, would permit the use of fiber-lengths significantly longer than the ca. 1 m lengths investigated here without any significant reduction in total throughput.
B. Probe Design Considerations.
The design philosophy used to overcome inner filtering effects and improve overall probe efficiency was to attempt to maximize overlap between the theoretical excitation and collection volumes, while minimizing the average distance between the excited volume and the collection optic, and keeping the fiber axes parallel to achieve a small fiber tip size. The most common design of fiber-optic visible RS probes at present are flush probes, in which the fiber end faces lie nearly adjacent and in the same geometric plane; however flush probes do a poor job of addressing the aforementioned design issues in that the excitation and collection cones do not overlap to any great extent near the probe tip. Significant overlap is not achieved for these probes until the distance from a given volume element to the excitation or collection fiber face is such that the analyte absorbance seriously begins to attenuate both the excitation and scattered light 21 . Previously, two approaches have been investigated to improve upon the flush design -aligning the excitation and collection fiber axes at some angle 26, 43 and, more recently, beveling the probe tip to effect a refraction-induced angular difference between the axes of the fiber and its excitation (or collection) cone 29, 30 . In addition to practical difficulties in alignment, the former approach leads either to small inter-axial angles between cones (resulting in both limited overlap and long average path lengths of scattered and collected light rays), or, if large angles are used, a impractically large and awkward probe tip. The latter approach does provide for a compact probe tip and, unlike the design presented here, works very well with solid samples; however the degree of overlap is governed by the bevel angle and this is limited due to losses of both excitation and scattered light stemming from
Fresnel reflections, which increase with increasing bevel angle. Further, since the index of refraction of water is much closer to silica than is that of air, the cone overlap is not as good in aqueous solution as in air.
The design introduced here and described above makes use of a 90° collection geometry.
This ensures a very high degree of overlap between the excitation and collection cones, especially in the critical area near the probe tip itself. Because the excitation light is within the volume of collection and in close proximity to the collection optic immediately after exiting the excitation fiber, a larger fraction of the scattered light can be collected and inner filtering effects in absorbing samples are mitigated. Although the total overlap between excitation and collection cones is greater for a flush-probe design when considered over all space, most of this overlap region occurs quite far from the probe tip, and not in the critical volume near the probe tip. The design was further improved by polishing a lens on the excitation-fiber sample-end-tip and polishing three facets on the reflective collection surface. It was reasoned that these modifications concentrated excitation and collection along the axis of the excitation fiber, thereby increasing the effective numerical aperture of the probe. Additionally, the lens helped prevent excitation light from being directly incident upon the collection optic, thereby reducing noise due to stray light in the spectrometer.
We used the 1454 cm -1 vibration (in-plane HCH deformation) of neat ethanol as a benchmark non-absorbing analyte and calibrant, and the ca. 1010 cm -1 W16 line of tryptophan in 200 µg/ml lysozyme as a benchmark absorbing analyte. Figure 5 shows spectra obtained using probes of several flush and angled designs. The new design demonstrates superior performance.
C. Quality of FO-UVRRS Data.
In the final analysis, the efficacy of the probe must be judged by the quality of data that may be obtained using it, and by the ease with which it is obtained. We have found that the A/M probes are exceptionally reliable and easy to use. The probe may be arbitrarily positioned; relative motion between the sample, laser, and spectrometer is not a problem; and sample volumes as small as 10 µL have been investigated. Figure 6 shows example spectra of cellulose binding domain protein (W7), 878 (W17) and 760 cm -1 (W18) TRP modes, which are known to be sensitive to tertiary structure. 4 The 208 nm PLL spectrum clearly shows the amide (A) I, II, III, and S bands that exhibit sensitivity to secondary structure 13 . Figure 7 shows plots of the intensity (peak height) of the W16 line from aqueous TRP (resonance enhanced using 227 nm excitation) and of the ca. 1640 cm -1 water bending mode as a function of TRP concentration. These data were obtained using an A/M design with excitation and collection fiber diameters of 400 µ m and 600 µm, respectively. The increasing concentration of the absorbing analyte causes a monotonic decrease in the signal from water, which is at a constant 55.5 M concentration and could essentially be viewed as an internal standard. With this probe and experimental conditions, the TRP signal exhibits a maximum at an optimal concentration of approximately 80 µ M. This value depends upon probe geometry, the presence of other absorbing species, and excitation wavelength, as will be discussed in section D, below.
D. Optimal Excitation Wavelength.
A problem often confronted in these studies is to determine the optimal excitation wavelength for fiber-optic UVRRS. Early on, it was found that simply choosing an excitation wavelength corresponding to the maximum of the resonance-enhanced scattering cross-section did not result in the optimum signal. The total amount of Raman signal detected by a particular fiber-optic UVRRS system depends upon both the wavelength and analyte concentration, c, and can be expressed as the product of the eight terms in equation 2
where L is the laser power in µW; t is the integration time in seconds; η e , η s and η m are the efficiencies (unitless) of excitation fiber, collection fiber and monochromator, respectively; σ is the Since, η m , η d , and L are only weakly dependent on wavelength, for practical purposes these terms, time, and the concentration can be combined in a constant coefficient, K c , to yield the wavelength dependent expression for the collected Raman signal from a given probe and analyte at a fixed concentration, viz.
where the additional subscript c denotes a fixed concentration. If approximations to just the shapes of the four wavelength-dependent terms are available, it is a simple matter to determine the optimal wavelength through numerical or graphical methods. A rough approximation for η e with a typical laser energy of 50 µJ/pulse is easily obtained by fitting the data from Figure 4 with a sigmoidal function. The plot of σ as a function of wavelength is known as the resonance Raman enhancement profile (RREP). Although the RREP is usually described using the terms introduced by Albrecht 44 , a Gaussian fit to literature values provides sufficient accuracy for most purposes.
The length-specific low intensity linear attenuation is proportional to 1/λ 4 and therefore η s is approximated well by fitting the literature values to such a function and using this to calculate the wavelength-dependent fractional transmission of the known length of collection fiber.
Approximating η p is not as straightforward, but can be accomplished by considering how the signal from a fixed concentration of a non-absorbing analyte decreases as the medium absorbance is increased; such plots were modelled in a previous paper 21 for flush probe geometries. If water is now considered to be the analyte, and it is recognized that TRP concentration is directly proportional to medium absorbance, then the trace for the 1640 cm -1 water peak in Figure 7 is an example of such a plot. If it is scaled by taking into account the transmission of the collection fiber and the quantum efficiency of the detector, then this trace represents the number of photons Raman scattered by water that are actually collected at a given TRP concentration. Since this function depends only on the sample absorbance, the abscissa may be replaced by absorbance (in length -1 units) by multiplying TRP concentration by its molar absorptivity at the given excitation wavelength, giving a plot that is specific to the probe only, and independent of the particular analyte involved. Information for the specific analyte/medium combination may then be introduced though ε(λ) for the specific analyte of interest. Finally, since the analyte (water in this case) is non-absorbing, this trace can be scaled linearly (i.e. maintaining its shape) to give the curve for any non-absorbing analyte with arbitrary σ and c. Specifically, it can be scaled to σ=1 mbarn, c=1 µM, and an incident energy of 1 µJ, in which case the trace becomes the number of Raman scattered photons collected from a 1 µM solution of a perfectly non-absorbing analyte having a Raman cross section of 1 mbarn in an absorbing medium described by ε(λ) using 1 µJ of excitation energy. This is exactly the definition for η p given above.
Therefore, if the signal from a non-absorbing analyte of concentration c na and scattering cross section σ na in the presence of an absorbing species with concentration c a and molar absorptivity ε a is measured to be S na (c a ), then the signal from the same non-absorbing analyte as a function of medium absorbance, a m (in length -1 units), is given by equation 4, viz.
This measured result may then be used to find the normalized probe efficiency using equation 5. [5] Although this definition states that the analyte is non-absorbing, the inner-filtering effects of the analyte are taken into account by considering its absorbance to be that of the medium.
Therefore, if the abscissa is transformed to wavelength using an approximation for ε(λ) (widely available from literature and reference data), then the shape of the plot is the same as that of η p .
The 1640 cm -1 peak-height trace in 
where the summation occurs over all of the species present in the sample, then η p (λ,c) for a particular sample may be found using equation 7, [7] where L, t, η e , η d , σ na , and c na are the values specific to the experiment used to obtain the S na (a m ) curve discussed above.
For example, considering the TRP residues in 50 µg/ml lysozyme as the analyte, Table I shows the approximations used for fitting the above terms, the least squares fitted parameters, and the relevant references. The RREP for the ca. 1010 cm -1 (W16) vibration of tryptophan in lysozyme was used as the signal. Figure 8 shows plots of each of the four terms, the approximation for the shape of S c obtained by multiplying them together, and experimental points taken using 50 µJ of input power at wavelengths from 225 to 237.5 nm. The optimal wavelength of excitation is calculated to be 231 nm, and corresponds well to the measured optimum (estimated through a Gaussian fit of the experimental values) at 231.3 nm. It is notable that at this concentration the wavelength corresponding to the peak signal intensity is red shifted approximately 10 nm from the RREP maximum. Stated differently, the true optimal wavelength (231 nm) yields a ca. 300% improvement in the detected signal strength compared with excitation at the RREP maximum (ca. 220 nm). In general, this analysis shows that the signal maximum is further red-shifted from the RREP maximum as (a) the analyte concentration is increased, resulting in increased inner-filtering effects; (b) the RREP maximum occurs closer to 215 nm, resulting in decreased throughput of the excitation fiber; (c) the fiber lengths increase, resulting in decreased η e and η s ; and (d) the peak molar absorptivity of the analyte increases without a concomitant increase in the RREP profile.
Implicit in this analysis is the assumption that if two analytes have the same absorbance (concentration times molar absorptivity) at the excitation wavelength, then their absorbances also correspond at the scattering wavelength, although it does not assume that absorbances are the same at excitation and scattering wavelengths. This is reasonable for the accuracy required here. The problem of removing this assumption and simultaneously optimizing the concentration, excitation wavelength, and probe geometry to obtain an optimum signal strength is a more complex engineering problem involving a multidimensional maximization, and is beyond the scope of this paper; although work is in progress in our group to accomplish this goal.
E. Probe Lifetime Considerations.
lifetime of the excitation fibers. The work of Klein et al. 35 reveals that at wavelengths shorter than 248 nm, the cut-off due to nonlinear effects occurs at lower fluences than surface damage, and hence there is no need to risk such catastrophic damage in order to optimize the absolute throughput, although due to localized hot spots and self focusing, it may occasionally occur. These considerations aside, the excitation fiber efficiency degrades slowly over time during normal use.
Our estimate for the degradation of a 400 µ m diameter fiber used an average of 2 hours per day is a 25% loss over 100 days; however further work is underway to more accurately characterize this effect and its dependency on exposure. Other factors affecting probe lifetime are protein fouling, especially serious when conducting in vivo experiments, and mirror damage. Damage to the aluminum surface can occur over the long term (weeks or months) through a slow desorption process, or rapidly (minutes or hours) if exposed to certain harsh chemical environments such as extremes of pH. These effects can be mitigated by applying a silicone or epoxy cap to the mirrored surface. Overall, useful probe lifetimes of greater than four months have been achieved, and we continue working to improve this figure.
Conclusions
We have demonstrated that fiber-optic probes can be used to obtain UVRRS data at wavelengths shorter than 250 nm. Excitation light can be delivered efficiently using IUV fibers that have recently become available. High energy throughputs (> 20 µJ/pulse), throughput efficiencies (>10 %), and long probe lifetimes (>100 hours) have been achieved by incorporating these fibers into UVRRS probes. Factors that reduce the energy throughput efficiency include increasing fiber length, decreasing fiber diameter, increasing input energy, and the use of wavelengths close to 215 nm. Collection efficiency has been increased and inner-filtering effects encountered in absorbing biological media have been addressed by using a novel technique to fabricate probes using angled mirrors to effect collection at 90°, thereby mitigating the deleterious effects of sample and medium absorbance, while at the same time increasing the effective numerical aperture of the collection fiber and therefore further increasing the collection efficiency.
The efficacy of these probes has been validated by using them to obtain remotely-collected UVRRS data of proteins, hormones, and free aromatic amino acids, the quality of which is comparable to spectra from the literature collected using instrumentation that incorporated traditional sample introduction techniques. A working curve of tryptophan indicates that the operating range of the probe is at least from 10 µM to more than 1 mM for that biologically significant analyte.
The optimal excitation wavelength can be calculated for any analyte of interest by making approximations for the wavelength-dependent efficiencies and RREP, and maximizing their product. The optimal wavelength is found to be significantly redshifted from the RREP maximum.
This analysis is generally applicable to fiber-optic scattering or emission spectroscopy in the DUV spectral region and/or with absorbing analytes. A future paper will discuss extending the operating range and sensitivity of the probes and modelling the 90° collection-geometry probe. . DUV RS data of neat ethanol using (A) flush probe (400 µm diameter excitation fiber/600 µm diameter collection fiber), (B) angled and mirrored probe (400 µm diameter excitation fiber/600 µ m diameter collection fiber), and (C) angled, mirrored, lensed and faceted probe (600 µm diameter excitation fiber, 600 µ m diameter collection fiber). Average power into excitation fibers was 1 mW; using 20 Hz, ca. 3 ns, 225 nm pulses; integration time = 30 s. 1010 cm -1 tryptophan residue signal in 50 µg/ml hen egg-white lysozyme using a 400 µm (excitation fiber diameter), 600 µ m (collection fiber diameter) A/M probe. X indicates experimental point. See text for detail.
